The young star β Pictoris is well known for its dusty debris disk, produced through the grinding down by collisions of planetesimals, kilometre-sized bodies in orbit around the star. In addition to dust, small amounts of gas are also known to orbit the star, likely the result from vaporisation of violently colliding dust grains. The disk is seen edge on and from previous absorption spectroscopy we know that the gas is very rich in carbon relative to other elements. The oxygen content has been more difficult to assess, however, with early estimates finding very little oxygen in the gas at a C/O ratio 20× higher than the cosmic value. A C/O ratio that high is difficult to explain and would have far-reaching consequences for planet formation. Here we report on observations by the far-infrared space telescope Herschel, using PACS, of emission lines from ionised carbon and neutral oxygen. The detected emission from C + is consistent with that previously reported being observed by the HIFI instrument on Herschel, while the emission from O is hard to explain without assuming a higher-density region in the disk, perhaps in the shape of a clump or a dense torus, required to sufficiently excite the O atoms. A possible scenario is that the C/O gas is produced by the same process responsible for the CO clump recently observed by ALMA in the disk, and that the re-distribution of the gas takes longer than previously assumed. A more detailed estimate of the C/O ratio and the mass of O will have to await better constraints on the C/O gas spatial distribution.
Introduction
The star β Pictoris is young (23±3 Myr, Mamajek & Bell 2014) , nearby (19 pc, van Leeuwen 2007) , and harbours a large debris disk, making it a target of intense scrutiny since its discovery by the infrared astronomical satellite IRAS in 1984 (Aumann 1985) . As the survival time for dust grains in the disk is far shorter than the age of the system, it was argued early on that the dust must be replenished through collisional fragmentation of larger bodies -hence the name 'debris disk' (Backman & Paresce 1993) . The interest in the β Pic disk is strongly linked to the interest in planet formation -the disk was discovered a decade before the first exoplanets, yet is apparently the result of the same mechanisms that form planets, and so provides a valuable example to test theory. Rocky planets, like the Earth, are generally believed to be built up by smaller bodies called planetesimals, which range in size from 1 kilometre to hundreds of kilometres (Nagasawa et al. 2007) . How the planetesimals are built up, in turn, is one of the outstanding problems of planet formation theory today, with one of the more promising suggestions being production through a 'streaming instability' (Johansen et al. 2007) .
Why some stars seem to form planets while others may not is still not understood, but one clue could be the observed correlation between planet incidence and the elemental abundances of the parent star: stars of higher heavy element abundance are argued to be more likely to have massive planets (Fischer & Herschel is an ESA space observatory with science instruments provided by European-led Principal Investigator consortia and with important participation from NASA.
Valenti 2005; Buchhave et al. 2014) . If the composition of the star reflects the composition of the planet-forming disk, one explanation could be that the dust grains that eventually build up the planetesimals are more easily formed in an environment enriched in heavier elements. The picture is far from clear, however, since a correlation with host star metallicity is observed for gas giants, but not for small exoplanets (Buchhave et al. 2014) or the tracers of planetesimal formation, debris disks (Greaves et al. 2006; Wyatt et al. 2007; Moro-Martín et al. 2015) .
The β Pic system has passed its planetesimal formation phase and today we observe a resulting planetesimal belt located at a radial distance of 100 AU (Thébault & Augereau 2007; Wilner et al. 2011; Dent et al. 2014) , and a recently discovered massive planet (10-12 times Jupiter's mass) on a ∼9 AU orbit (Lagrange et al. 2010; Millar-Blanchaer et al. 2015) . In addition to the dust produced through a collisional cascade originating from the planetesimals, we also observe gas in the system (Hobbs et al. 1985; Olofsson et al. 2001; Roberge et al. 2006, hereafter ROB06) . With an estimated total mass just a fraction of an Earth mass (Zagorovsky et al. 2010, hereafter ZBW10) , this gas is far too tenuous to contribute to the formation of new planets. Instead, it is thought to be the result of the reverse process, vaporisation of colliding dust grains originating in the planetesimals (Liseau & Artymowicz 1998; Czechowski & Mann 2007) . Alternatively, the gas could also be released from the dust through photo-desorption (Chen et al. 2007; Grigorieva et al. 2007) or collisions between volatile-rich comets in a massive Kuiper-belt analogue (Zuckerman & Song 2012 a clump located at 85 AU, where an enhanced collision rate induced by either a resonance trap from a migrating planet or a residue from a former giant collision are suggested as possible mechanisms (Dent et al. 2014; Jackson et al. 2014) . Given the rapid dissociation time for CO in this environment (120 yr; Visser et al. 2009) , it is clear that the gas must be currently produced, and that it is a source of both C and O.
The long-standing puzzle of how gas could be kept in the disk while subject to a strong radiation force from the star was resolved by the discovery of a large overabundance of carbon with respect to detected metallic elements in the disk gas (e.g., Na, Fe, and Ca; ROB06), acting as a braking agent (Fernández et al. 2006 ). The overabundance is not necessarily a consequence of the dust grains being unusually carbon rich, it could also be due to chemical differentiation through preferential removal of the observed metallic elements (Xie et al. 2013) . In contrast to carbon, the metallic elements experience a strong radiation force from the star, up to a few hundred times stronger than the gravitational force. Oxygen, on the other hand, is similar to carbon in that it is not affected by radiation pressure from the star (Fernández et al. 2006) , and is thus expected to be closely mixed with carbon. It was therefore surprising when absorption spectroscopy found a C/O ratio 20× higher than the cosmic abundance found in the Sun, and 100× the ratio found in carbonaceous chondrite meteorites (ROB06).
The C/O ratio is believed to strongly affect the outcome of the planet formation process (Kuchner & Seager 2005) . For example, the sequence by which elements condense as the gas cools, and thus the mass distribution and planet formation efficiency, changes significantly with the C/O ratio. A ratio larger than 0.8 would result in carbide-dominated interiors of planets (Bond et al. 2010) , as opposed to the silicate-dominated composition found in the rocky planets of our solar system. An example of an extra-solar planet where a super-cosmic C/O ratio has been suggested is WASP-12b, where already a 2× higher C/O ratio in its atmosphere results in dramatically different mixing ratios of molecular species (Madhusudhan et al. 2011) . If the C/O ratio of the disk gas reflects the composition of the β Pic planet, and the C/O ratio is indeed higher than the cosmic ratio by a factor 20, then the planet would likely have a diamond core and be evidence for a very exotic planet formation scenario (Kuchner & Seager 2005) . The evolutionary and atmospheric models used to estimate the mass of the planet from photometry would be invalid (Lagrange et al. 2010; Baraffe et al. 2003) , and would have to be replaced with alternative, high-C/O models. To determine the relative abundance of C and O is thus highly relevant for understanding the available paths for planet formation. We here present observations of C ii and O i, obtained using the farinfrared space telescope Herschel, that aim to enable an estimate of the O mass and C/O ratio of the gas in the β Pic debris disk.
Observations
The data presented are part of the Notes. range. Both lines were detected in emission ( Fig. 1 ), but are unresolved at the 86 km s −1 (at 63 µm) and 239 km s −1 (at 158 µm) per resolution channel of PACS. Since the field is spatially resolved into 5 × 5 spaxels ('spectral pixels', each of side 9.4 ), we can clearly see that the emission is centred on the star, and not due to an offset background object (Fig. 2) . Fig. 3 shows the orientation of the spaxels with respect to β Pic in the case of the C ii observations. The telescope pointing model indicates that the central spaxel was offset from β Pic by 1.0 for the C ii and 0.8 for the O i observations. The typical 68 %-confidence pointing accuracy for Herschel at these epochs were ∼2 (Sánchez-Portal et al. 2014) .
The data reduction was essentially done as described in Cataldi et al. (2015) . We used the 'background normalisation' pipeline script within the Herschel interactive processing environment (HIPE) version 14.0 (Ott 2010) . This pipeline uses the background emission from the telescope itself to background subtract and calibrate the data. The data were binned into a wave- In addition to the central spaxel 12, the adjacent spaxels 11, 13 and 17 also detect a signal (listed in Table 1 ). Overplotted on the data are synthetic observations of the disk model '5 × 5 AU' (Sect. 3.2, Table 2 ). length grid by setting oversample = 4 (increasing the spectral sampling) and upsample = 1 (keeping neighbouring data points uncorrelated). The continuum was subtracted by fitting linear polynomials to the spectra with the line region masked. We used the pipeline-generated noise estimate 'stddev' as relative weights for the continuum fit. This is particularly important for the O i spectra, where the noise is smallest at the line centre and increases towards the spectral edges. Finally, we estimated the noise for each spaxel individually. To this end, we computed the standard deviation within two spectral windows placed sufficiently far from the line centre to avoid any contamination by line emission. The width of each window was chosen equal to 2.5× the spectral resolution of PACS (i.e. 2.5× the full width at half maximum (FWHM) of an unresolved line).
In order to measure the line flux, we fit a Gaussian function to the spectra, where the FWHM of the Gaussian was fixed to the FWHM of the line-spread function (i.e., the spectral resolution). The central wavelength of the Gaussian was also generally fixed to the expected wavelength corrected for the known radial velocity of β Pic (Brandeker 2011 ). An exception was the central spaxel of the C ii observations, where it is apparent by eye that there is a shift between the center of the emission line and the expected central wavelength (Fig. 1) . In this case we let the line centre be a free parameter, and found the line centre to be redshifted by 0.02 µm. This shift is within specification of the PACS wavelength calibration, and would be expected for an off-centre point source (PACS observer's manual v.2.5.1, HERSCHEL-HSC-DOC-0832, § 4.7.2).
In order to estimate the error on the measured line flux, we produced 10 5 fits, including the continuum fit and subtraction, to resampled data for each spaxel with detected line emission. The resampling is achieved by adding normally distributed noise with a standard deviation according to the previously determined error of the spectrum, with the line centre and FWHM fixed. The error on the flux is then estimated as the standard deviation of the resulting distribution of fitted fluxes. 
Results and analysis

Detected emission
The [C ii] emission detected by Herschel/PACS from β Pic (Table 1) is ∼30 % lower than the corresponding emission detected by Herschel/HIFI ((2.4±0.1)×10 −14 erg s Cataldi et al. 2014) , and a factor of three below the tentative detection by the Infrared Space Observatory (Kamp et al. 2003) . The difference in the observed flux between PACS and HIFI may be due to slight pointing differences, as the source likely is marginally resolved by a 11 beam; the precise pointing could thus be important. However, we were not able to reproduce this 30 % difference by varying the pointing centre by a few arcseconds (the expected pointing accuracy) in synthetic observations of our models, only a few %. This could be because our assumed angular flux distribution is wrong (e.g., the real distribution is not symmetric between the north-east [NE] and south-west [SW]), and/or because the pointing offset between the observations is higher than assumed. It could also be due to an absolute calibration issue, which is expected to be 12 % but indeed could be off by up to 30 % (PACS observer's manual v.2.5.1, § 4.10.2.1). Finally, the difference could also be due to the beams of PACS and HIFI not being identical.
Oxygen has not previously been observed in emission, but a model of the β Pic gas disk by ZBW10 predicted a flux 3 orders of magnitude below the detected level. They assumed a spatial distribution of well-mixed gas derived from observations of Na i (Brandeker et al. 2004) , with only C overabundant (by a factor of 20, ROB06). Cataldi et al. (2014) used the HIFI observations of [C ii] 158 µm to update the ZBW10 model, and found that a C overabundance by a factor of 300 was required to explain the strong emission observed, assuming a well-mixed gas. To test how the observed [O i] 63 µm emission constrains the mass and distribution of O, we produced a range of models assuming different spatial distributions and abundances of the gas, as reported in Sect. 3.2 below.
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Gas disk models
To model the gas emission from the β Pic disk we used the ontario code, specifically developed for modeling gas in debris disks around A-F stars (ZBW10). Given the input parameters, which are the stellar spectrum and the spatial distribution of dust and gas (including its abundance), ontario computes the thermal and ionisation balance of the gas, and then the statistical equilibrium population of energy levels in species of interest, including their emitted spectra. This is in particular important for O that, in contrast to C, has level populations that generally are out of local thermal equilibrium (LTE) in the low electron density environment of the disk gas (we find the critical electron densities at 100 K for C ii and O i to be 6 cm −3 and 2. (assuming a line width of 2 km s −1 ). The line luminosities of the disk will thus not only depend on the gas mass, but also strongly on the spatial distribution of the gas. Since the [C ii] 158 µm and [O i] 63 µm lines are also important cooling lines, we updated the thermal and statistical equilibrium solution in ontario to approximate the radiative transfer effect using photon escape probabilities, essentially following Appendix B of Tielens & Hollenbach (1985) . We start by computing the level populations for the innermost grid points, and then continue outwards while adjusting for the extinction from interior grid points towards the star. As a second-order correction, we take into account locally scattered photons by using a photon escape formulation. The photon escape fraction is computed iteratively by starting with an assumption of complete escape, and then using the computed level population from the previous iteration to approximate the photon escape probability from the average of four directions (in, out, up, and down, as described in Gorti & Hollenbach 2004) , obtaining a new level population. Once the level populations of each grid point are defined, the radiative transfer equation is integrated along the line of sight from the observer, assuming a Keplerian velocity field to produce an angular distribution of the spectral profile, as described in Cataldi et al. (2014) .
The assumed spatial distribution of gas
If the C and O are produced principally from the enhanced collision rate responsible for the production of CO observed by ALMA at an orbital radius of ∼85 AU (Dent et al. 2014) , then one would expect the gas distribution to peak at 85 AU and diffuse to other regions of the disk. Given that the CO molecule is short lived (∼120 yr at 85 AU) while C and O in their ion/atomic form are stable, we would expect C and O to be more evenly distributed than CO, perhaps in a ring slowly diffusing away from the production orbital radius. If, on the other hand, the C and O are primarily produced by the same mechanism that is responsible for the observed metallic species in the disk (Na, Fe, Ca, etc., Brandeker et al. 2004) , then one could expect the C and O spatial distribution to more closely follow the gas distribution inferred from the spatially resolved Fe i emission (Nilsson et al. 2012) , with the density n(r, z) = n 0 2 (r/r 0 ) 2α + (r/r 0 ) 2β
where h(r) = h 0 (r/r 0 ) δ and the parameters n 0 , h 0 , r 0 , α, β, γ, and δ as listed in Table 3 of Nilsson et al. (2012) . One important parameter missing from Eq. 1 is the inner truncation radius of the disk, since the density n(r, z) diverges as r → 0. Unfortunately, this parameter is difficult to assess due to scattered light residuals from the nearby star, dominating the noise inside 2 (40 AU) in the Nilsson et al. (2012) observations. With VLT/UVES, Brandeker et al. (2004) were able to trace the Na i and Fe i a bit further in, to the limit of the observations at 0.7 (13 AU) from the star. They found an asymmetry in that the disk on the NE side appears to rise in brightness all the way in, while the SW side shows a significant decrease in density inside 36 AU.
The Cataldi et al. (2014) Herschel/HIFI spectrally resolved observations of the [C ii] 158 µm emission line indirectly put constraints on the C spatial distribution under the assumption of a Keplerian rotating disk. They found that the observations were best fit if the gas distribution inferred from Fe i had an inner truncation radius between 30 and 100 AU. Indeed, a single torus of radius ∼100 AU could by itself reasonably fit the data (see Fig. 4 in Cataldi et al. 2014) .
Since the constraint on the mass of C and O in the disk depends on the assumed spatial distributions of the gas, we explore a few different reasonable configurations: et al. (2012), C/O abundances as free parameters and the inner truncation radius at 5 AU and 35 AU (labelling the models '>5 AU' and '>35 AU'). 2. Assuming C and O are produced from CO independently from Fe/Na, we use a torus of radius 85 AU with a selection of assumed widths and scale heights, motivated by the ALMA CO observations. The model tori have scale heights that are equivalent to their radial extents, with the full-width half-maxima being 1 AU, 5 AU and 10 AU according to a Gaussian distribution with the peak density of C and O being free parameters. The models are labelled '1×1 AU', '5×5 AU', and '10×10 AU', respectively.
The principal purpose of these models is not to accurately model the real spatial distribution of the gas, which indeed likely departs from the assumed cylindrical symmetry implied here. The purpose is instead to study how the predicted emission is influenced by assumptions on the spatial distribution and abundance of gas, to help us distinguish between possible scenarios.
To make a realistic model of the C and O gas, their spatial distribution would have to be better constrained. Properties of the models are listed in Table 2 .
Comparing models to observation
To compare the models with data, we computed a grid of models, deriving the corresponding angular distribution of line luminosity in the sky (as in Cataldi et al. 2014) , and then used synthetic PACS observations (as described in Cataldi et al. 2015 , but with the updated v6 of the PACS spectrometer beams) to produce a model spectrum for each spaxel to be compared with the observed data. Fig. 2 shows the central 3×3 spaxels of one such model overplotted on the observed [C ii] 158 µm emission. We found it challenging to reproduce the detected [O i] 63 µm emission while at the same time being consistent with the observed [C ii] 158 µm emission. Under the assumption of C and O being well mixed together, most spatial distributions tend to underproduce the 63 µm line in comparison to the 158 µm emission. The complication arises from the complex interplay between the heating/cooling, excitation mechanisms and optical thickness effects. Increasing the O abundance increases the cooling, but only until the dominant 63 µm cooling line becomes optically thick. Increasing the abundance even further may then decrease the energy output in the 63 µm line, as locations with lower electron density become optically thick and block the radiation. We thus find that there is a C/O ratio that will maximise the 63 µm flux for a fixed 158 µm flux, and for a range of models we tested, this maximum 63 µm flux was below the observed flux. For the 5 different spatial distributions we considered (listed in Table 2 ), we varied the C and O abundances freely, but filtered out any model that gave a synthetic [C ii] 158 µm flux that differed more than 5 % from the observations. We then picked the model that comes closest to reproduce the [O i] 63 µm emission. Only the densest 1×1 AU model is able to fully reproduce the 63 µm line, while other models underpredict the emission by a factor 2.5-51 (Table 2) .
Another problem with the models presented in Table 2 is that the implied column density against the star is orders of magnitude larger than the column densities observed by FUSE (ROB06), which are
16 cm −2 , and N C ii = (1.6 − 4.1) × 10 16 cm −2 . As discussed by Brandeker (2011) , part of the difference could be due to the difficulties in measuring unresolved optically thick lines. In ROB06, a single broad component was assumed for an O i absorption line (broadening parameter b = 15 km s −1 ), which effectively gives a lower limit on the column density. If instead a narrow component is assumed, say b = 1 − 2 km s −1 , the column density could be much higher (in excess of N O i = 10 17 cm −2 ) and still be consistent with the observed line profile (see supplementary Fig. 1 of Roberge et al. 2006) . The lower C i column density is harder to explain in this way, since it is based on a robust measurement of the 3 P 0 state, where an optically thin line was observed by STIS (Roberge et al. 2000) . We conclude that the absorption measurements are consistent with a low C/O ratio gas ( 1) in a non-cylindrically symmetric distribution.
Discussion
From the modeling described in the previous section we conclude that we can only explain the observed 63 µm emission if there is a region in the gas disk that is sufficiently dense to effectively excite O, meaning an electron density n e 2.5×10 4 cm −3 , the critical density for the [O i] 63 µm line. This region does not have to be very large, however; if optically thick, in LTE, and with temperatures in the range 80-100 K, a high-density clump with a diameter of a few AU would be sufficient to produce the observed emission. Such a clump would show up in the angular distribution of [C ii] 158 µm and in particular in [C i] . Considering the clump recently imaged in CO by ALMA (Dent et al. 2014) , perhaps there is a corresponding clump in the C and O distribution that would explain the enhanced [O i] 63 µm emission. The [C ii] 158 µm spectral profile by HIFI also seems consistent with a C clump to the SW (see Fig. 6 of Cataldi et al. 2014) . A clumpy distribution may thus be preferred by observations, but it is in contrast to the expectation outlined in Sect. 3.2.1, that C and O would have diffused into a smooth distribution due to their much longer lifetime than CO. This could be resolved if the diffusion process is slower than anticipated (α 0.01, resulting in a viscous timescale Myr, Xie et al. 2013 ) so that the pattern imprinted by the CO distribution lasts longer, or if the event producing CO is recent ( Myr). More detailed models are required to evaluate if these scenarios are credible.
A region of enhanced electron density to the SW might be able to explain another puzzling property of the β Pic disk; why the asymmetry between the NE and SW is so pronounced in Na i and Fe i (see Figs. 2 & 3 of Brandeker et al. 2004) . With an increased electron density, the neutral fractions of these would dramatically rise due to more frequent recombination, meaning that any given particle would spend a longer time in its neutral state. Since the radiation force on the neutral species of Fe and Na is much stronger than gravity (27× and 360×, respectively) and only the ionised species are effectively braked by Coulomb interaction with the C + (Fernández et al. 2006) , the atoms will be removed from the system with a drift velocity drift = ion f , where ion is the average velocity the atom reaches before ionisation and subsequent braking by the C + gas, and f is the fraction of the time the particle spends in its neutral state. For Fe, ion = 0.5 km s −1 and for Na, ion = 3.3 km s −1 (Brandeker 2011 ). The spatial distribution of C and O is presently not constrained enough to be able to derive an accurate O mass. If the C and O are indeed produced by the outgassing and subsequent dissociation of molecules from colliding comets, as suggested by Zuckerman & Song (2012) and Dent et al. (2014) , then the expected C/O ratio would be 0.1-1, depending on the fraction of CO/H 2 O present in the comet-like bodies. Upcoming ALMA observations of the [C i] 609 µm line should be able to settle the case.
